Sacoglossan sea slugs have complex interactions with their environment. They are well known for their ability to sequester stolen chloroplasts and utilize them for photoautotrophic CO 2 fixation, yet the dependence on this is not clear in most species.
112 temperature, E. stylifera is predicted to have an increased respiration rate. When deprived of 113 food, E. stylifera will have a decreased respiration rate. In all treatments, slugs provided light are 114 predicted to undergo photosynthesis, which will combat each stressor. By studying the 115 respiration rate of E. stylifera under different environmental conditions, this will provide insight 116 on how complex physiological interactions can be affected by fluctuating environmental 117 conditions.
119 Materials & Methods

Study Site and Organism
121 This study took place along the northern coast of Mo'orea, French Polynesia. Mo'orea is a small 122 (134 km 2 ) island surrounded by barrier reef. The study's focal species, Elysia stylifera (Jensen, 123 1997) , occurs in Australia and French Polynesia, but has few documented observations (Allen, 124 Krug & Marshall, 2009; Phuong, 2010) . Though once placed in the genus Elysiella with its sister 125 species E. pusilla, molecular phylogenetics confirm E. stylifera and E. pusilla belong to a basal 126 group of Elysia spp. (Bergh, 1872; Gosliner, 1995) . E. stylifera and E. pusilla co-occur on host 127 algae in the genus Halimeda, but tend to have different host species preferences, where E. stylifera 128 has been recorded to occur primarily on H. distorta and H. opuntia (Phuong, 2010) . E. stylifera 129 can be distinguished by rhinophore length, coloration, and parapodia size (Fig. 1) . 142 Host algae was immediately transported back to the Gump Station wet lab and sorted through for 143 E. stylifera by shaking algae in fresh sea water and collecting dislodged slugs, as well as picking 144 through algae. The collected slugs were then relocated to sea water flow tanks that were partially 145 shaded and exposed to 14:10 h natural light/dark cycles. Slugs were kept individually in modified 146 50 mL falcon tubes with 75 μm filter tops. Falcon tubes were manually re-filled with fresh sea 147 water of appropriate temperature at least once every eight hours to assure clean oxygenated water. 148 A total of 25 individuals were randomly selected to be maintained at ambient temperature (27 -149 28°C), while 25 other individuals were subjected to elevated temperature treatments and 150 maintained in aquaria at 29 -30°C. Elysia stylifera were kept with H. distorta as a food source 151 until 24 hours prior to respirometry. Individuals were then deprived of food after the first day of 152 respirometry and measured approximately four days later.
154 155
156 Respiration experiment 157 Elysia stylifera were not fed for 24 h before the experiment to minimize the effects of digestion 158 on metabolism. Furthermore, experiments occurred during the day (6:00 -16:00) to minimize 159 difference in nighttime activity. For elevated temperature treatments, slugs were incubated for 48 160 h in seawater at 30°C. Each replicate had twelve 750 μL independent chambers on a microplate 161 with oxygen sensor spots (PreSens Precision Sensing GmbH, Germany; SDR software v38). Six 162 chambers were transparent and exposed to light and the other six were covered by black tape to 163 block light. Each chamber was filled with filtered seawater (2 μm filter) at the appropriate 164 temperature. For the selected treatment, five slugs were randomly placed into light chambers, 165 five slugs were randomly placed into dark chambers, and the remaining two chambers had 166 filtered treatment water with no slugs ('blanks'). The blanks served as a control for the natural 167 variation in oxygen concentration due to the presence of microorganisms and temperature 168 variation. Once slugs were placed in their individual chambers, the filtered seawater was again 169 added to each well to replace displaced water; caps were then cautiously attached to avoid air 170 bubbles. The microplate was placed into the resting chamber, which was temperature controlled 171 (27.5 -28°C or 29.5 -30°C) with continuous flowing freshwater (Loligo 1421 resting chamber). 172 A fluorescent lamp (28W 10,000K dual compact fluorescent/actinic aquarium light) was turned 173 on and placed 4 cm away, parallel to the light-treated chambers to promote photosynthesis. Slugs 174 were allotted 10 min to acclimate to the flowing chamber with the fluorescent light. Oxygen 175 concentration was then measured every 30 s for 15 min under the fluorescent light. At the end of 176 the incubation, individuals were placed into petri dishes with fresh sea water. Individuals were 177 photographed under a stereoscope. Wet weight was also measured. The selected individuals were 178 re-measured for respirometry under the same light/dark treatment following four additional days 179 without food for the starvation treatment. Again, wet weight was measured.
180 Oxygen consumption rate was calculated by producing a regression line of oxygen concentration 181 over time. The first 12-15 min of incubation were excluded from the regression to prevent initial 182 stress effects on the slugs. There were also points where slug movement may have blocked the 183 oxygen sensor and significantly altered the oxygen concentration reading within an unrealistic 184 time frame. To control for these effects within each replicate, a 2-5 min interval where there 185 were no substantial shifts in oxygen concentration was selected to produce the regression lines. 186 For each replicate, the light and dark blanks showed comparable changes in oxygen 187 concentration. Respiration rates were calculated for every individual after correcting for oxygen 188 consumption rates in the light blank chamber during that trial. The respiration rates were divided 189 by two and expressed as μmol O 2 min −1 (wet weight g) −1 . 197 as the predictor variable and oxygen consumption rate as the dependent variable to determine the 198 nature of differences found by the ANOVA. 199 The difference in mean oxygen consumption rate between dark and light individuals showed the 200 relative net photosynthesis. No statistical tests were done on net photosynthesis. Errors were 201 displayed as confidence intervals. All graphs were produced in R using the ggplot2 package 202 (Wickham, 2009 206 Experiments were run at 28°C under dark conditions for five days, with respiration rate assessed 207 on day 1 (fed) and day 5 (starved). Elysia stylifera individuals showed a 67% decrease in 208 respiration rate over the course of the five days, indicating significant metabolic suppression 209 (two-way repeated measures ANOVA, Z = -3.00, df = 39, p < 0.01) (Fig. 2 ). Trials were also run 210 at 30°C to mimic the impacts of rising ocean temperatures. After five days of starvation, the 211 respiration rates of individuals increased by 18% and did not show a significant difference (two-212 way repeated measures ANOVA, Z = 0.49, df = 39, p = 0.96). Comparing between the 213 temperature treatments, there were no statistically significant differences. After one day of 214 starvation, individuals at 30°C had a respiration rate 41% lower than those at 28°C (two-way 215 repeated measures ANOVA, Z = -1.91, df = 39, p = 0.23). After five days of starvation, 216 individuals at 30°C had a respiration rate 53 % higher than those at 28°C (two-way repeated 217 measures ANOVA, Z = 1.67, df = 39, p = 0.34).
219
In vivo photosynthesis 220 Respirometry was also run under the same conditions as described above with light to induce 221 photosynthesis and there was minimal evidence of positive oxygen production (Fig. 3) . The 222 average oxygen consumption rates of the starved slugs at 28°C and 30°C were significantly 223 different (two-way repeated measures ANOVA, Z = 3.04, df = 35, p < 0.01). However, these 224 measurements were unable to differentiate photosynthesis from respiration rate. To account for 225 respiration rate, the difference was taken between light and dark slugs to find net photosynthesis 226 (Fig. 4) . Photosynthesis was most productive day 1 at ambient temperature (28°C) and least 227 productive day 5 at the elevated temperature (30°C). Under both temperature treatments, the 228 effect of starvation decreased the average net photosynthesis. The net photosynthesis for slugs at 229 28°C decreased by 66% after five days of starvation. The net photosynthesis for slugs at 30°C 230 decreased by 50% after five days of starvation. When comparing temperatures, net 231 photosynthesis was 37% less efficient at 30°C on the first day of starvation (Fig. 4) . 236 Metabolism is a useful physiological measurement for understanding how organisms perform. 237 When organisms are exposed to stressors, oxygen is usually depleted more rapidly (Miller et (Green et al., 2000) . These proxies inform on performance, 241 including growth, activity, and reproduction (Sokolova, 2013 , 2011) . In this experiment, the respiration rate of slug individuals at the higher temperature 246 had a slightly lower average respiration rate (Fig. 2) . Generally, the metabolic rate of 247 invertebrates increases with temperature (Marsden, (Huey & Stevenson, 1979) . When 250 invertebrates are their optimal temperature, performance drops relatively quickly (Huey & 251 Stevenson, 1979) . This suggests that the performance of E. stylifera may have been at risk. 252 Alternatively, individual variation may have been lower overall for individuals at 30°C.
253 Starvation appeared to have a greater impact on E. stylifera than temperature. The reduction in 254 respiration rate by 67% after five days of starvation at 28°C suggests there was a substantial 255 physiological response by E. stylifera (Fig. 2) (Guppy & Withers, 1999 (Hand & Hardewig, 1996) . Such processes are 260 the downregulation of protein synthesis and depression of macromolecular turnover (Hand & 261 Hardewig, 1996) . For E. stylifera, food shortages may trigger the shut down or slowing of 262 important physiological processes, decreasing the momentary fitness of the individuals. If 263 individuals are under these stressful conditions for too long, their performance may be 264 jeopardized (i.e., survival, growth, reproduction). Although respiration rate was measured after 265 five days, the effect of starvation may have been apparent sooner, and may show a stronger 266 signal with longer starvation time. 267 The combined effect of stressors (elevated temperature and food deprivation) did not seem to 268 trigger metabolic suppression. Instead, the respiration rate increased by 18%, indicating 269 physiological activity was potentially upregulated under these stressors (Fig. 2) . It is not clear 270 what metabolic activity changed; however, observations lead to postulations about altering 271 energy for protection or reproduction. During mass measurements, it was noted that the 272 individuals at 30°C tended to produce more mucus. It was also noted that some slugs laid eggs 273 within only the five days of starvation. The kleptoplasts are stored in mucus-producing tissues, 274 which are a form of protection and are known to have a high metabolic turnover ( 279 Photosynthesis via kleptoplasty is a unique adaptation for sacoglossans and was predicted to 280 combat stressful conditions. The difference in the respiration rate between individuals in the light 281 and dark treatments under ambient conditions (28°C day 1) demonstrates that photosynthesis 282 was likely occurring (Fig. 4) . When provided light, oxygen was released as a photosynthetic 283 product and counteracted E. stylifera respiration, resulting in a decrease in respiration rate. Net 284 photosynthesis for each stressor was calculated (Dark respiration -Light respiration) so that 285 kleptoplasty response could be characterized (Fig. 4) . In all cases, net photosynthesis was 286 positive. 287 Temperature had a negative effect on photosynthesis, with kleptoplasts 37% less efficient at the 288 elevated temperature. Since sacoglossans are ectothermic, they are unable to maintain their own 289 temperature. Consequently, sacoglossan and kleptoplast activity are highly dependent on 290 environmental temperatures (Huey & Stevenson, 1979; Clark et al., 1981) . The chloroplasts of 291 Halimeda are vulnerable to heat stress, with reduced photochemical efficiency of photosystem II 292 at 32°C, indicating a loss in efficiency . Elysia stylifera individuals are also 293 at risk under heat stress. Thermal fitness curves of ectotherms are nonlinear and asymmetric, 294 such that when animals are past the upper limits of their optimal temperature, performance drops 295 relatively quickly (Huey & Stevenson, 1979) . The reduced metabolism (Fig. 2) and 296 photosynthesis (Fig. 4) observed after a shift of 2°C provide evidence that E. stylifera may have 297 been near its peak performance and may be particularly susceptible to rising seawater 298 temperatures (Schulte et al., 2011) . 299 Starvation also seemed to negatively affect photosynthetic efficiency. At ambient temperature, 300 net photosynthesis was reduced by 67% after five days of starvation. Photosynthesis may have 301 declined due to kleptoplast degradation over time (Evertsen et al., 2007) . This is because 302 chloroplast function depends on the maintenance of proteins, enzymes, and pigments that are 303 encoded in the algal nucleus, which is not retained within sacoglossans (Eberhard, . Elysia stylifera is a short-307 term retaining sacoglossan (< 2 weeks), so it is not surprising that kleptoplasts lost efficiency 308 over a short period of time (Phuong, 2010) . 309 The combined effect of stressors (elevated temperature and food deprivation) had the greatest 310 impact on net photosynthesis. Kleptoplasts may have been at their least efficient and most 311 degraded state under the multi-stress treatment (Fig. 4) . These findings suggest that kleptoplasty 312 provided marginal benefit to E. stylifera when facing temperature stress and periods of 313 intermittent starvation. 316 Kleptoplasty is known to provide additional energy to sacoglossans when exposed to light, 317 suggesting that light could influence sacoglossan response to stressors. This study used 318 respirometry to measure the energetic response of E. stylifera under different conditions and 319 deduced photosynthetic benefit. Respirometry is not the conventional technique used for 320 establishing photosynthetic activity in sacoglossans because oxygen concentration measurements 321 are affected by respiration from the slug, the chloroplasts, mitochondria, and microbes (Evertsen 322 et al., 2007) . Measurements could have been influenced by behavioral traits displayed by slugs 323 (opening vs. closing parapodia, locomotive vs. stationary) (Händeler et al., 2009 ). To account for 324 this, all individuals were maintained under the same conditions and photosynthetic efficiency 325 was only approximated relative to dark-treated slugs. One common method that can more 326 precisely investigate kleptoplast functionality under these stressful conditions is pulse amplitude 327 modulated (PAM) fluorometry (Wägele and Johnsen, 2001 334 With ocean acidification and warming, E. stylifera will face physiological changes and an altered 335 habitat. Its specialized food source, Halimeda spp., is a calcifying macroalgae that has been 336 shown to have decreased photosynthesis and calcification under predicted future conditions 337 . When exposed to a combined elevated pCO 2 and elevated temperature 338 (32°C), there was a 50 -70% decrease in efficiency and 70 -80% decrease in O 2 production 339 . Halimeda species are predicted to be severely affected by climate change 340 conditions and may be greatly reduced in abundance and distribution. These changes indicate a 341 shifting habitat for E. stylifera, which may have severe impacts on the population depending on 342 their capacity to modify their food source.
315 Respirometry as a tool
343 This investigation provides insights into sacoglossan physiology and response to future 344 environmental ocean conditions. It suggested that a sacoglossan species with short-term 345 kleptoplast retention may not benefit metabolically under elevated temperatures or limited food 346 availability. In addition, kleptoplasty may not aid sacoglossans in overcoming environmental 347 shifts because plastids may degrade or lose function more rapidly. These findings show the 348 sensitivity of such an interactive system, and add to the uncertainty regarding the ecological 349 function of kleptoplasty in short-term retention species. Further investigation in other species, 350 including long-term retention sacoglossans, is necessary to understand the ecological value of 351 kleptoplasts to sacoglossans, especially in a transforming environment. 
